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In amphibians, dorsoventral asymmetry is established by cortical rotation, a cytoplasmic rearrangement in the egg which
activates a dorsal determinant on one side of the zygote. This determinant has been proposed to be either Vg1, an endoder-
mally derived molecule that can directly induce ectoderm to form dorsal mesoderm, or a member of the Wnt family, which
patterns the ectoderm such that it forms dorsal mesoderm in response to ventral inductive signals. In this study, we have
investigated whether the endogenous dorsal determinant(s) functions as a direct inducer of dorsal mesoderm (Vg1-like) or
whether it acts to pattern the response of ectoderm to inductive signals (Wnt-like). We report here that cortical rotation
enhances both the dorsal-inductive activity of endodermal cells and the response of ectodermal cells to endogenous induc-
tive signals and that both of these activities are required for notochord induction in ectoderm/endoderm recombinants.
While ectopically expressed Xwnt-8b can substitute for the dorsalizing signals activated in either ectoderm or endoderm,
and can allow notochord formation in recombinants, Vg1 alone is not suf®cient to induce notochord in ectodermal explants
in the absence of signals activated by cortical rotation. Coexpression of Xwnt-8b along with Vg1 restores ectodermal
competence to form notochord. Finally, in endodermal explants, ectopically expressed Xwnt-8b, but not Vg1, can divert
the fate of ventral endodermal cells along a dorsal pathway. Thus, while Vg1 is most likely required for induction of
mesoderm in vivo, our data suggest that a maternal Wnt-like signal acts synergistically with Vg1 to specify a dorsal fate
not only in the mesoderm, but also in the endoderm. q 1996 Academic Press, Inc.
INTRODUCTION tured with ectoderm, the recombinants form dorsal type
mesoderm (e.g., notochord), while similar recombinants
In amphibians, the dorsoventral axis is established during made with ventral endodermal cells form only ventral
the ®rst cell cycle by a cytoplasmic rearrangement, termed mesoderm (e.g., blood) (Nieuwkoop, 1969). Furthermore,
cortical rotation, that is believed to activate a dorsal deter- when cortical rotation is blocked by ultraviolet (UV) irradia-
minant on one side of the zygote (reviewed by Gerhart et al., tion of the egg, mesoderm is still induced but it is purely
1991). The mechanism of action and the molecular nature of ventral in nature (Gerhart et al., 1991). Dorsal mesoderm
this putative determinant are unclear. One model suggests formation can be restored by transplanting single blasto-
that cortical rotation activates a morphogen within endo- meres from the dorsal vegetal or equatorial region of nonir-
dermal cells and that this morphogen directly induces over- radiated cleavage-stage donor embryos into the UV-irradi-
lying ectodermal cells to form dorsal mesoderm. A second ated hosts (Gimlich, 1986).
hypothesis suggests that mesodermal induction and dorsal Molecular studies have identi®ed Vg1, a member of the
patterning are distinct events which require the cooperative transforming growth factor-b family, as a likely candidate
action of separate signaling agents. According to this model, for an endogenous dorsal mesoderm-inducing agent. Consis-
the determinant activated by cortical rotation is not a dorsal tent with this proposed role, Vg1 transcripts are present in
mesoderm-inducing factor, but is instead a patterning agent endodermal cells of early embryos, although endogenous
which modi®es the response of presumptive mesodermal Vg1 protein has been detected only in its unprocessed, pre-
cells to ventral inductive signals, causing them to adopt a sumably inactive, form (reviewed by Vize and Thomsen,
dorsal fate (reviewed by Christian and Moon, 1993). 1994). When ectodermal explants are exposed to an in vitro
Embryological evidence supports the existence of dorsal± synthesized mature form of Vg1, they differentiate as dorsal
ventral differences in endodermally derived mesoderm in- mesoderm (Kessler and Melton, 1995). In addition, when
RNA encoding a bone morphogenetic protein (BMP)/Vg1ducing signals. When dorsal endodermal cells are cocul-
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chimera is injected into ventral or UV-irradiated cells of dorsal development cannot be rescued by injection of Wnt
RNA into these embryos. These studies suggest that Vg1 sig-Xenopus embryos, the chimeric protein is processed to pro-
duce mature Vg1, which in turn induces the formation of a nals alone may not be suf®cient to induce dorsal mesoderm.
In this study, we have used both tissue recombination andpartial (Dale et al., 1993) or complete (Thomsen and Melton,
1993) dorsal axis, respectively. This ability of processed Vg1 explant assay systems to test whether the endogenous dorsal
determinant(s) activated by cortical rotation is generated byin and of itself to phenocopy the axis-rescuing ability of
transplanted dorsal blastomeres is consistent with the pos- endodermal cells and acts as a direct inducer of dorsal meso-
derm (similar to Vg1) or whether it acts to pattern the responsesibility that Vg1 is the active cytoplasmic component of
these cells. of ectoderm to inductive signals (similar to Wnts). Together,
our data suggest that although Vg1 may be required for induc-Further evidence that Vg1 is required for dorsal mesoderm
induction has come from studies in which both activin and tion of mesoderm in vivo, a maternal Wnt-like signal acts
synergistically with Vg1 to specify a dorsal fate not only inVg1 signal transduction pathways are blocked in vivo by
ectopic expression of a mutant activin receptor. The re- the mesoderm but also in the endoderm.
sulting embryos lack both dorsal and ventral mesoderm
(Hemmati-Brivanlou and Melton, 1992; Schulte-Merker et
al., 1994). In contrast, embryos in which activin signaling MATERIALS AND METHODS
alone is blocked, by overexpression of the activin binding
protein follistatin, develop normally. Embryo Culture and Manipulation
In addition to differences in the inductive signals emitted
Xenopus eggs were obtained and embryos were cultured as de-
by dorsal or ventral endodermal cells, a dorsoventral bias scribed by Moon and Christian (1989). All embryonic stages are ac-
exists in the response of ectodermal cells to these inductive cording to Nieuwkoop and Faber (1967). UV irradiation of zygotes
signals. Speci®cally, ectoderm isolated from prospective was performed as described by Christian et al. (1991). In all experi-
dorsal regions of blastula-stage embryos will form dorsal ments, some embryos were allowed to develop to stage 28, at which
types of mesoderm when exposed to exogenous inducing time they were assigned a score of dorsoanterior index (DAI) as de-
scribed by Kao and Elinson (1988). Only experiments in which theagents, while ectoderm from ventral regions, or from em-
average DAI for UV-irradiated embryos was 0.5 were included inbryos in which cortical rotation is blocked, will form more
the results.ventral types of mesoderm (Sokol and Melton, 1991; Bolce
Ectoderm/endoderm recombinants were generated by isolatinget al., 1992). This bias in ectodermal response is evident
approximately one-half of the ectoderm from the central region ofprior to the time that mesoderm-inducing signals are ®rst
the animal pole of stage 8 blastulae using sharpened tungsten nee-
produced (Jones and Woodland, 1987; Kinoshita et al., 1993), dles and sandwiching this tissue with endoderm isolated from the
suggesting that the signals that establish this bias are dis- central portion of the vegetal pole of a sibling embryo. Conjugates
tinct from inducing signals. of endoderm and ectoderm from control embryos were generated
Members of the Xenopus Wnt (Xwnt) family of secreted such that the relative dorsoventral polarity of endodermal and ecto-
proteins can substitute for the endogenous response modi- dermal tissues was maintained. All conjugates were cultured in
agarose-coated petri dishes containing one-half strength normalfying signal which is normally activated in dorsal ectoder-
amphibian medium (NAM/2, Slack et al., 1973).mal cells by cortical rotation. Certain Wnt proteins can
completely rescue dorsal development when misexpressed
in embryos ventralized by UV irradiation, but only if the Generation of Activin±Vg1 (AVg) Chimeric
Wnt signal is initiated prior to the onset of zygotic gene Construct
transcription at the midblastula transition (MBT) (reviewed
A cDNA encoding a chimeric activin±Vg1 (AVg) protein was gener-by Christian and Moon, 1993). Although ectopic expression
ated using the polymerase chain reaction (PCR)-based gene splicingof Wnts in whole embryos leads to the formation of dorsal
by overlap extention technique (Horton, 1993) and was subclonedmesoderm, Wnts cannot induce isolated ectodermal cells
into the transcription vector pT7TS (gift of P. Krieg) to generateto form dorsal mesoderm. Instead, Wnts modify or enhance
pT7TS-AVg. The chimeric protein includes the entire preproregionthe response of ectodermal cells to inductive signals such
and cleavage site of Xenopus activin bB (gift of S. Sokol), which isthat dorsal, rather than ventral, mesoderm differentiates
known to be ef®ciently processed in Xenopus, fused in frame to the
(Christian et al., 1992; Sokol and Melton, 1992). We have putativebioactive C-terminal domain of Vg1 (provided by K. Mowrey).
identi®ed a maternally expressed Xenopus Wnt, Xwnt-8b, Portions of the cDNA that were generated by PCR were sequenced
that is a candidate for an endogenous dorsal patterning mol- to con®rm the absence of PCR-induced random mutations.
ecule (Cui et al., 1995).
Compelling evidence that a Wnt-like activity is required for
In Vitro Transcription of Synthetic RNA anddorsal patterning in Xenopus embryos has been provided by
Microinjectionthe demonstration that depletion of maternal b-catenin pre-
vents the formation of dorsal, but not ventral, mesodermal Capped synthetic RNA was generated by in vitro transcription
derivatives (Heasman et al., 1994). b-Catenin is believed to of SP64T-Xwnt-8b (Cui et al., 1995), pT7Ts-AVg, pCS2-b-catenin
be an essential downstream component of the Wnt-signaling (gift of R. Moon), or, in initial experiments, SP64T-Xwnt-8 (Chris-
tian et al., 1991). Synthetic RNA was injected into cleaving Xeno-pathway (reviewed by Peifer, 1995) and, consistent with this,
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pus embryos as described by Moon and Christian (1989). In all rotation is generated by endodermal cells, and possibly func-
experiments AVg RNA was injected at 100 ng/ml, Xwnt 8b RNA tions as a direct inducer of dorsal mesoderm (similar to
at 10 ng/ml, and b-catenin RNA at 20 ng/ml. Approximately 200 pg Vg1), or whether it acts within ectodermal cells to modify
of AVg, 20 pg of Xwnt-8b, or 50 pg of b-catenin was injected per their response to inductive signals (similar to Wnts). Em-
embryo. For lineage labeling experiments, rhodamine dextran was bryos were irradiated with UV light during the ®rst cell
diluted in water and injected at a concentration of 5 mg/ml.
cycle in order to block cortical rotation and thus to block
any cortical rotation-mediated activation of dorsal determi-
Immunostaining and Histological Analysis of nants. Endoderm or ectoderm from these embryos was con-
Whole Embryos and Recombinants jugated with ectoderm or endoderm, respectively, from con-
Whole mount immunocytochemical analysis using the muscle- trol embryos as illustrated above Fig. 1. Conjugates were
speci®c monoclonal antibody 12/101 (Kintner and Brockes, 1984) cultured to the tailbud stage and analyzed for formation of
or the notochord-speci®c monoclonal antibody Tor70 (Bolce et al., dorsal mesoderm by immunostaining for notochord. If, as
1992; gift of R. Harland) was performed as described in Moon and hypothesized, Vg1 is proteolytically activated by cortical
Christian (1989). Following immunostaining, some recombinants
rotation (Thomsen and Melton, 1993) and is suf®cient forwere dehydrated in methanol and embedded in paraf®n and 10-
dorsal mesoderm formation, then Vg1 producing endoder-mm-thick sections were cut and counterstained with hematoxylin±
mal cells from control embryos should be able to induceeosin. Differentiated cell types were identi®ed by morphology as
notochord formation, even in ectodermal cells from UV-described by Green et al. (1990).
irradiated embryos. In contrast, if Wnt-like signals which
dorsalize the response of the ectoderm are suf®cient forAnalysis of RNA by Reverse Transcription±
dorsal development, then ectoderm from control embryosPolymerase Chain Reaction (RT±PCR)
should form notochord even when recombined with endo-
RT±PCR analysis of RNA samples was performed as described
dermal cells from UV-irradiated embryos.previously (Cui et al., 1995) except that total nucleic acids were
As summarized in Table 1, notochord immunostainingisolated as described by Moon and Christian (1989), and RNAs were
was rarely detected in whole UV-irradiated tailbud-stageselectively precipitated in 4 M LiCl. Oligo(dT)-primed ®rst-strand
embryos (Fig. 1A) or in recombinants of ectoderm and endo-cDNA was prepared from RNAs of one whole gastrula-stage em-
bryo or six pooled explants or recombinants using an AMV reverse derm isolated from such embryos (Table 1, UV/UV; Fig. 1B).
transcription kit according to the manufacturer's instructions (Life In contrast, when ectoderm and endoderm isolated from
Science, Inc.). Negative controls in which reverse transcriptase was nonirradiated embryos was cocultured, most recombinants
omitted were prepared in parallel for each sample using equivalent possessed immunoreactive notochord (Table 1, CON/CON;
amounts of RNA. Twenty-®ve-microliter PCR reactions were car- Fig. 1E). When ectodermal cells from UV-ventralized em-
ried out using DNA polymerase (0.25 unit/reaction, Epicentre bryos were conjugated with endoderm from normal em-
Technologies) and 11 PCR buffer, with 100 mM dNTPs, 3 mM
bryos, the frequency of notochord formation was muchMgCl2 , 0.5 mCi of [a-32P]dCTP, 10 pmole of each primer, and 0.5
lower (Table 1, UV/CON), and 50% of the positive casesml of ®rst-strand cDNA. The ®rst PCR cycle involved denaturing
represented isolated immunoreactive cells (Fig. 1C) ratherat 947C for 1.5 min, annealing at 547C for 30 sec, and extension at
than well-formed tubes. Recombinants in which ectoder-727C for 30 sec. This was followed by three-temperature cycling
with 30 sec at each temperature, followed by a ®nal extension step mal cells isolated from control embryos were placed to-
at 727C for 4 min. Cycle number was determined empirically for gether with UV-ventralized endoderm showed a further de-
each primer pair so that PCR products were examined during the crease in the frequency of notochord formation relative to
exponential phase of ampli®cation. siamois primers were used at control recombinants (Table 1, CON/UV), with approxi-
42 cycles, Xwnt-8 primers at 30 cycles, goosecoid primers at 24 mately 70% of the immunoreactive notochords consisting
cycles, and EF-1a primers at 21 cycles. After ampli®cation, 1/6 of only a few cells, as shown in Fig. 1F. Notochord staining
of each reaction was run on a 5% polyacrylamide gel which was
was never detected in ectodermal or endodermal explantssubsequently dried. The ampli®ed bands were visualized with a
cultured in isolation (data not shown). The results of theseMolecular Dynamics phosphorimager and the Macintosh IP lab gel
experiments suggest that neither a Vg1 signal, activated byprogram.
cortical rotation in endodermal cells, nor a Wnt-like signal,The sequences of Xwnt-8 (Christian et al., 1991), goosecoid (Ken-
gaku and Okamoto, 1995), and EF-1a (Kengaku and Okamoto, 1995) activated in ectodermal cells, is suf®cient for notochord
primers have been reported previously. The sequence of the siamois formation. Instead, it appears that cortical rotation activates
primers used in this paper are listed as follows, in 5* to 3* orienta- dorsalizing activity in ectoderm and endoderm and that
tion: upstream GGGATATTCCATGATATTC; downstream TCC- both of these are required for notochord formation.
TCTGCCTGAATCA. We also assayed ectoderm/endoderm conjugates for dorsal
mesoderm formation by immunostaining with muscle-spe-
ci®c antibodies. Only 15% of whole UV-irradiated tailbud-RESULTS
stage embryos possessed immunoreactive muscle (Fig. 1H),
Notochord Induction Requires Dorsalizing Signals and usually this consisted of small patches of staining. In
in Both Endodermal and Ectodermal Cells contrast, when ectoderm and endoderm isolated from sib-
ling UV-irradiated embryos at the blastula stage were conju-Our initial experiments were designed to ask whether the
putative dorsal determinant that is activated by cortical gated and cultured to the tailbud stage, 84% of recombi-
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TABLE 1
Dorsal Mesoderm Induction in the Presence and the Absence of Cortical Rotation and Wnt Signal
Ectoderm/endoderm conjugates Whole embryos
UV/UV CON/CON UV/CON CON/UV UV/WNT WNT/UV UV CON
Notochord 2% (50) 78% (55) 31% (68) 21% (63) 77% (69) 84% (73) 6% (104) 100% (78)
Muscle 84% (57) 93% (30) 100% (20) 88% (32) 98% (30) 96% (29) 15% (130) 100% (50)
Note. Conjugates of blastula-stage endoderm and ectoderm isolated from UV-irradiated (UV), nonirradiated (CON), or Xwnt-8b RNA-
injected (WNT) embryos were generated, cultured, and immunostained with notochord- or muscle-speci®c antibodies as illustrated above
Figs. 1 and 2. Data are expressed as percentage of conjugates in which immunostaining was detected, followed by sample size (in
parentheses).
nants formed large blocks of immunoreactive muscle (Table previous studies showing that Wnt signals can modify re-
sponsiveness of ectodermal cells to exogenously applied1, UV/UV; Fig. 1I). Thus, blocking cortical rotation does
not completely ablate dorsalizing signals in vivo but does ventral mesoderm-inducing agents (Christian et al., 1992;
prevent these signals from contacting, or acting upon, mar- Sokol and Melton, 1992), the current results demonstrate
ginal zone cells in intact embryos. that Wnts can also modify the type of mesoderm formed in
response to endogenous inductive signals.
Most conjugates of Wnt-expressing endoderm and UV-
Xwnt-8b Can Substitute for Endogenous ventralized ectoderm also developed fully formed noto-
Endodermal and Ectodermal Dorsalizing Activities chords (Table 1, UV/WNT; Fig. 2D). This result might be
explained as a secondary consequence of Wnt protein beingWe next tested whether addition of an ectopic Wnt signal
secreted from endodermal cells and acting upon conjugatedcould substitute for the endogenous dorsalizing activities
ectoderm to modify the pattern of mesoderm formed inthat are activated by cortical rotation in ectodermal or endo-
response to ventral inductive signals as described above.dermal cells. Zygotes were UV-irradiated during the ®rst
However, this is not an adequate explanation because re-half of the cell cycle and a Wnt signal was subsequently
combinants were made from ectodermal cells explantedintroduced by injecting approximately 20 pg of synthetic
from late blastula stage embryos, which are no longer com-RNA encoding Xwnt-8b into the animal or vegetal pole
petent to be dorsalized by Wnt signals. Speci®cally, whileof both blastomeres at the two-cell stage. Embryos were
ectopic expression of Wnts in cleaving embryos (by injec-cultured to stage 8, at which time Wnt-expressing ectoderm
tion of synthetic RNA) dorsalizes the response of cells towas conjugated with UV-irradiated endoderm, or vice versa,
induction, leading to formation of secondary notochords,as illustrated above Fig. 2. Recombinants were stained with
misexpression of Wnts after the MBT (by injection of plas-notochord speci®c antibodies at control stage 26.
mid expression constructs) ventralizes cell fate, leading toNotochord formation was never observed in Wnt-express-
a loss of notochord (reviewed in Christian and Moon, 1993).ing animal pole ectoderm (Fig. 2A) or vegetal pole endoderm
Thus, any Wnt protein secreted by endodermal cells at the(Fig. 2B) cultured in isolation. Although endodermal cells
time recombinants were made would have had no directisolated from UV-irradiated embryos rarely induced noto-
dorsalizing effect. Instead, our results suggest that Wnt sig-chord formation in ectoderm from UV-ventralized embryos
nals can act directly within vegetal endodermal cells to(Table 1, UV/UV), these same cells were suf®cient to induce
promote dorsal development.most Wnt-expressing ectodermal explants to form full noto-
chords (Table 1, WNT/UV; Fig. 2C). Thus, consistent with To further test the possibility that Wnt signals can act
FIG. 1. Dorsal mesoderm induction in the presence and the absence of cortical rotation. Endoderm and ectoderm explanted from UV-
irradiated (UV) and nonirradiated (CON) blastula-stage (stage 8) embryos were conjugated as diagrammed at the top. Recombinants were
cultured until sibling embryos reached tailbud stages and then immunostained with notochord-speci®c (A±F) or muscle-speci®c (G±I)
antibodies. Arrows indicate speci®c notochord or muscle staining. Dark areas not denoted by arrows are nonspeci®c background color
due to unbleached pigment.
FIG. 2. Xwnt-8b can substitute for dorsalizing signals activated by cortical rotation in either endodermal or ectodermal cells. Embryos
were UV-irradiated during the ®rst cell cycle and mRNA encoding Xwnt-8b or b-catenin was injected into animal or vegetal blastomeres
at the two-cell stage. Ectodermal (Ani) and endodermal (Vg) explants were isolated from embryos at the blastula stage and were cultured
in isolation (A, B) or were conjugated with endoderm or ectoderm isolated from uninjected embryos (C±E) as indicated above each panel.
At stage 26, these explants or recombinants were immunostained with notochord-speci®c antibodies. Arrows indicate speci®c staining.
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directly within endodermal cells, we ectopically expressed
b-catenin in endodermal cells in order to activate a Wnt
signaling pathway in a cell autonomous fashion. b-Catenin
is a ubiquitously expressed molecule which functions as an
intracellular transducer of Wnt signals (reviewed by Peifer,
1995). Thus, b-catenin injection provides a means of acti-
vating a Wnt signaling pathway within endodermal cells
while excluding the possibility that the Wnt protein is se-
creted and acts directly upon conjugated ectodermal cells.
UV-irradiated embryos were injected with b-catenin RNA
(approximately 50 pg/embryo) at the two-cell stage and cul-
tured to stage 8, at which time endoderm from these em-
bryos was recombined with ectoderm from UV-irradiated
embryos as described above. A fully formed, immunoreac-
tive notochord differentiated in 77% of these recombinants
(n  22) (Fig. 2E), clearly demonstrating that activation of
a Wnt signaling pathway within endodermal cells can pro-
mote dorsal development. Notochord formation was also
observed when ectodermal cells made to overexpress b-ca-
tenin were conjugated with endoderm from UV-irradiated
embryos (data not shown), consistent with the notion that
b-catenin can transduce Wnt signals.
Since UV-ventralized endoderm possesses some dorsal in-
ductive activity, as evidenced by its ability to induce muscle
formation (Fig. 1I), we next asked whether Wnt signals can
promote dorsal development from within endodermal cells
isolated from the ventral side of normal embryos, since
these cells lack dorsal inductive activity (Dale and Slack,
1987). Ventral endoderm was isolated from Xwnt-8b RNA-
injected embryos, or from uninjected embryos, at stage 8
and was recombined with UV-ventralized ectoderm. Re-
combinants were cultured to stage 26 and then assayed his-
tologically, or by immunostaining, for muscle and/or noto-
chord. While only 22% of non-Wnt-expressing recombi-
nants possessed a small amount of immunoreactive muscle,
and notochord was observed in only one of these (n  14),
100% of Wnt-expressing recombinants possessed muscle,
and 67% formed a notochord that was similar in appearance
to those shown in Figs. 2C and 2E (n  15).
Endodermal Cells Generate a Non-Cell-
Autonomous Dorsalizing Signal in Response to
Xwnt-8b
To distinguish between the possibility that Wnt signals
act within ventralized endodermal cells, causing these cells
to emit a dorsal inductive or patterning signal that instructs
FIG. 3. Notochord is derived from ectodermal cells in conjugates
of Wnt-expressing endoderm with ventral ectoderm from Xenopus
blastulae. Ectodermal cells were lineage labeled by injection of rho-
damine dextran and recombined with Wnt-expressing endodermal
cells. Recombinants were ®xed at stage 26 and immunostained with FIG. 4. Wnts can synergize with Vg1 to induce notochord in ecto-
notochord-speci®c antibodies which were detected using ¯uores- dermal explants. RNA encoding Avg1 and/or Xwnt-8b was injected
cein-conjugated secondary antibodies. Conjugates were examined into animal pole blastomeres of UV-irradiated (UV) or nonirradiated
under epi¯uorescence using appropriate ®lters for rhodamine (A) or (con) embryos. Ectodermal animal caps were isolated at the blastula
¯uorescein (B) excitation. (B) Nonspeci®c signal due to auto¯uores- stage (stage 8) as diagrammed at the top of the ®gure, cultured to
cence of yolk platelets is observed over the entire recombinant, while stage 26 or 22, and immunostained for notochord (A±D) or muscle
speci®c staining of the notochord is indicated by white arrows. (E±H), respectively. Speci®c staining is denoted by arrows.
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TABLE 2overlying ectoderm to form notochord, or the possibility
Synergism between Xwnt-8b and Vg1 in Notochord Inductionthat Wnts make endodermal cells themselves competent to
differentiate as dorsal mesoderm, we analyzed the lineage
Control UV irradiatedof notochord cells in conjugates of Wnt-expressing endo-
derm and rhodamine dextran-labeled ectoderm, both of RNA injected: AVg AVg AVg / X8b
which were derived from UV-irradiated embryos. In all
Notochord 80% (35) 15% (39) 82% (37)cases, immunoreactive notochord was derived from rhoda-
Muscle 90% (30) 94% (36) 83% (36)mine-labeled (ectodermal) cells and not from the unlabeled
(endodermal) cells (Fig. 3). Together our results suggest that
Note. Ectoderm was isolated from UV-irradiated or nonirradiated
endodermal cells respond to Wnt signals by generating a (Control) embryos which had been injected with RNA encoding
secondary, non-cell-autonomous dorsal patterning or induc- AVg and/or Xwnt-8b (X8b) as indicated above each column. Ex-
tive activity that is transmitted to ectodermal cells, causing plants were cultured until stage 26 or 22 and immunostained with
them to differentiate as dorsal, rather than ventral, meso- notochord- or muscle-speci®c antibodies, respectively. Data repre-
sent percentage of animal caps in which immunostaining was de-derm.
tected, followed by sample size (in parenthesis).
Xwnt-8b and Vg1 Can Act Synergistically to
Induce Notochord Formation in the Absence of
Cortical Rotation assayed for notochord formation in ectodermal explants.
Addition of Xwnt-8b largely restored the ability of UV-ven-Although endogenous Vg1 produced by dorsal endoder-
mal cells is not suf®cient to induce notochord to form in tralized ectoderm to form notochord in response to Vg1 (Fig.
4D, Table 2). Xwnt-8b alone did not lead to notochord orectoderm from UV-ventralized embryos (Fig. 1C), it is possi-
ble that elevated levels of Vg1 might be suf®cient to do so. muscle formation in explants (Fig. 2A and data not shown).
The ability of Vg1 alone, or in combination with Xwnt-To test this possibility, we injected RNA (approximately
200 pg/embryo) encoding a chimeric activin±Vg1 (AVg) pro- 8b, to promote dorsal development in ectodermal explants
was further examined by analysis of early molecular mark-tein near the animal pole of two cell embryos and analyzed
its ability to induce dorsal mesoderm in an animal cap ers of dorsal (siamois: Lemaire et al., 1995; goosecoid: Cho
et al., 1991) or ventral (Xwnt-8: Christian et al., 1991; Lem-assay, as illustrated above Fig. 4. The chimeric AVg protein
used in these studies is analogous to that of a previously aire and Gurdon, 1994) speci®cation. Each of these genes is
expressed in both mesodermal and endodermal cells, al-reported activin±Vg1 fusion protein which has been shown
to be ef®ciently processed to form bioactive Vg1 dimers in though siamois transcripts are present primarily in endoder-
mal cells. The results of all molecular analyses were con-vivo (Kessler and Melton, 1995).
Consistent with previous observations (Kessler and Mel- ®rmed in a minimum of two independent experiments. In
all experiments, some explants were cultured to the tailbudton, 1995), we found that most animal caps from control
embryos form both notochord (Fig. 4B) and muscle (Fig. 4F, stage and immunostained for notochord to determine
whether markers of dorsal speci®cation correlated with dor-Table 2), when made to express Vg1 protein. In contrast,
most ectodermal explants isolated from UV-irradiated em- sal mesodermal differentiation.
As shown in Fig. 5, Xwnt-8b alone did not induce expres-bryos did not differentiate as notochord in response to Vg1
(Fig. 4C, Table 2), although they did form large blocks of sion of any mesoderm- or endoderm-speci®c genes in ecto-
dermal explants (lanes 3, 9). In contrast, Vg1 alone inducedmuscle (Fig. 4G). While some animal caps from UV-irradi-
ated embryos did form immunoreactive notochord in re- expression of the ventral-speci®c gene, Xwnt-8, as well as
expression of the dorsal-speci®c gene, goosecoid, in ecto-sponse to Vg1 (Table 2), most of the staining was weak
and represented sparsely distributed, positively stained cells derm isolated from control (lane 5) or UV-irradiated (lane
11) embryos. Since ectoderm from UV-irradiated sibling em-(Fig. 4C, inset). Notochord or muscle staining was never
detected in ectodermal explants isolated from uninjected bryos did not form notochord in response to Vg1, this result
suggests that goosecoid is not suf®cient for notochord in-embryos (data not shown).
Currently it is not well understood how UV irradiation duction. Consistent with this possibility, Steinbesser et al.
(1995) have shown that goosecoid may be dispensable forleads to a ventralized phenotype in Xenopus embryos. Previ-
ous studies showing that Wnt signals can rescue the ability notochord formation in vivo. In addition, the ability of Vg1
to induce Xwnt-8 expression but not notochord develop-of FGF (Christian et al., 1991) or activin (Sokol and Melton,
1991) to induce dorsal mesoderm in ectoderm from UV- ment in UV-irradiated ectoderm demonstrates that endoge-
nous Xwnt-8 cannot synergize with Vg1 to promote dorsalirradiated embryos, and the fact that exogenous Xwnt-8b
can substitute for dorsalizing signals in either ectoderm or development. This is presumably due to the fact that ex-
pression of endogenous Xwnt-8 is not induced until afterendoderm (this study), suggest that Wnt signals can substi-
tute for those that are inactivated by UV irradiation. To test the MBT, at which time it functions as a ventralizing, rather
than a dorsalizing, factor (Christian and Moon, 1993). Inthis possibility, we co-injected RNAs encoding Xwnt-8b
and AVg near the animal pole of UV-irradiated embryos and contrast, if Xwnt-8 is ectopically expressed prior to the
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Xwnt-8 (Smith and Harland, 1991). In addition, UV-irradia-
tion did not signi®cantly downregulate endodermal expres-
sion of siamois (Fig. 6A, compare lanes 1 and 3).
To determine whether UV irradiation downregulates ex-
pression of siamois in the mesoderm, we dissected total
endoderm out of control or UV-irradiated blastulae (stage
8) and then cultured the endodermal fragments or the re-
maining tissue (which consists of prospective mesoderm
and ectoderm) until the gastrula stage, at which time ex-
pression of siamois was analyzed by RT±PCR. Since sia-
mois transcripts are not detected in ectodermal cells (Lem-
aire et al., 1995), expression of siamois in explants of ecto-
FIG. 5. Mesoderm induced by Vg1 is speci®ed as dorsal in re- derm plus mesoderm re¯ects mesodermal expression. As
sponse to Wnt signals. Ectodermal explants were isolated from UV- shown in Fig. 6B, expression of siamois is fairly equivalent
irradiated (UV) or nonirradiated (CONTROL) uninjected embryos in endoderm isolated from control and UV-irradiated em-
or from embryos that had been injected with RNA encoding AVg bryos. In contrast, UV irradiation blocks the mesodermal
and/or Xwnt-8b as denoted above each lane. RNA was extracted component of siamois expression. A similar ®nding has
from six explants at an early gastrula stage (stage 10.5) and expres- been reported by Cornell et al. (1995), in that dorsal meso-
sion of Xwnt-8, siamois, goosecoid (gsc) and EF-1a was assayed
dermal expression of goosecoid is absent in UV-irradiatedby RT±PCR. Equivalent aliquots of RNA from each group were
embryos while endodermal expression persists. Thus, whileanalyzed in the presence (/) or the absence (0) of reverse tran-
UV irradiation blocks dorsal pattern within the mesoderm,scriptase (RT) to demonstrate that signal was not due to contamina-
it does not eliminate endodermal expression of genes whosetion of RNA samples with genomic DNA.
transcripts are normally restricted to dorsal cells.
Addition of a Wnt signal to endodermal cells from UV-
irradiated embryos reduced expression of Xwnt-8 approxi-
mately 5-fold relative to endoderm from noninjected UV-MBT, it can synergize with Vg1 to promote notochord for-
irradiated embryos and upregulated expression of siamoismation in a fashion similar to that observed for Xwnt-8b
approximately 3.5-fold within these cells (Fig. 6A, compare(data not shown). Vg1 alone induced low-level expression of
lanes 3 and 5). Notably, while overexpression of Vg1 inthe dorsal-speci®c gene, siamois, in ectoderm from control
endodermal cells from UV-irradiated embryos increased lev-embryos (Fig. 5, lane 5), but did not induce appreciable ex-
els of siamois transcripts by approximately 1.8-fold, it didpression of siamois in ectoderm from UV-irradiated em-
not reduce expression of Xwnt-8 within the same cells (Fig.bryos (lane 11). When Xwnt-8b RNA was co-injected along
6A, compare lanes 3 and 7).
with Vg1 RNA, expression of Xwnt-8 was downregulated Endodermal cells from UV-irradiated embryos retain
and high-level expression of siamois was induced, even in some dorsal inductive activity, as evidenced by expression
ectoderm isolated from UV-irradiated embryos (lane 13). of siamois (Fig. 6A, lane 3) and the ability to induce muscle
Together, our results show that Vg1 can act in the absence formation in ectoderm±endoderm conjugates (Fig. 1I). For
of signals activated by cortical rotation to specify ventral this reason, we further assayed the dorsal patterning activi-
and some dorsal types of mesoderm and/or endoderm, as ties of Vg1 and Xwnt-8b in endodermal cells isolated from
evidenced by muscle formation and induction of expression the ventral side of normal embryos, since these cells com-
of Xwnt-8 and goosecoid. In addition, although Vg1 alone pletely lack dorsal pattern and inductive activity (Dale and
is not suf®cient to induce high-level expression of siamois Slack, 1987). As shown in Fig. 6A, ventral endodermal cells
or formation of notochord in ectoderm from UV-irradiated normally express Xwnt-8, but not siamois (lane 9). When
embryos, Wnt signals can synergize with Vg1 to respecify these cells are made to misexpress Xwnt-8b, expression of
ventral mesoderm and/or endoderm as dorsal. siamois is induced, while expression of Xwnt-8 is dimin-
ished to approximately 25% of control levels (lane 11). In
contrast, overexpression of Vg1 in these cells did not induce
Ectopic Expression of Xwnt-8b, but Not Vg1, expression of siamois, nor did it compromise expression of
Dorsalizes the Fate of Ventral Endoderm Xwnt-8 (lane 13). These results demonstrate that Wnt sig-
nals, but not Vg1, can impart dorsal pattern to ventral endo-Having assayed the dorsal patterning activities of Wnts
dermal cells.and Vg1 in the mesoderm, we next tested each molecule
for dorsal patterning activity in endodermal cells that were DISCUSSIONisolated either from UV-irradiated embryos or from the ven-
Dorsalizing Signals Activated by Cortical Rotationtral side of normal embryos, as illustrated in Fig. 6A. UV-
Are Required in Both Ectodermal and Endodermalirradiation had little effect on the endodermal component
Cellsof Xwnt-8 expression in isolated vegetal explants (Fig. 6A,
compare lanes 1 and 3), despite the fact that it has pre- Taken together, our results demonstrate that dorsalizing
signals generated by cortical rotation function both withinviously been shown to enhance mesodermal expression of
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FIG. 6. Xwnt-8b, but not Vg1, can impart dorsal pattern to ventral endoderm. (A) Endoderm was explanted at the blastula stage
(stage 8) from UV-irradiated (UV) or nonirradiated (CON) uninjected embryos or from embryos injected with RNA encoding Xwnt-
8b or AVg as denoted above each lane. Alternatively, endoderm was explanted from the ventral side of uninjected (none) or AVg-
or Xwnt-8b (X8b)-RNA-injected control embryos. Endoderm was cultured to stage 10.5 and RT±PCR analysis of siamois, Xwnt-8,
and EF-1a expression was performed in the presence (/) or the absence (0) of reverse transcriptase (RT). (B) Endoderm (ENDO) was
explanted at the blastula stage (stage 8) from UV-irradiated (UV) or nonirradiated (CON) embryos. Endoderm alone, or the remaining
ectodermal and mesodermal portion of the embryo (ECTO / MESO), was cultured until sibling embryos reached stage 10.5 and
RT ±PCR analysis of siamois and EF-1a expression was performed in the presence (/) or the absence (0) of reverse transcriptase
(RT).
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responding (ectodermal) and within inducing (endodermal) tive Wnt-like ligand, such as Xwnt-8b, will require further
studies.cells during the process of mesoderm induction and pat-
terning. Furthermore, tissue recombination experiments
suggest that these signals are required within both cell pop-
Vg1 Is Not Suf®cient for Notochord Formation inulations for formation of extreme dorsal mesoderm. Spe-
the Absence of Cortical Rotationci®cally, notochord is not formed if signals activated by
cortical rotation are absent in both inducing and responding Based on the expression pattern of endogenous Vg1, along
with the observation that ectopically expressed Vg1 cancells of tissue recombinates and is infrequently and poorly
formed when the signals are intact in only one of the two induce dorsal mesoderm and can rescue dorsal structures in
UV-ventralized embryos, it has been proposed that corticaltissues.
This requirement for dorsalizing signals in both endo- rotation proteolytically activates Vg1 in dorsal endodermal
cells and that Vg1 then functions as the endogenous dorsalderm and ectoderm might be explained in several ways.
First, it is possible that cortical rotation activates qualita- determinant (Thomsen and Melton, 1993; Kessler and Mel-
ton, 1995; Dohrmann et al., 1996). The results of our currenttively different signals in dorsal endodermal and ectodermal
cells (e.g., dorsal-inductive and competence-modifying sig- studies do not support this hypothesis. Speci®cally, neither
dorsal endodermal cells, which contain endogenous Vg1,nals) and that the synergistic action of both of these signals
is required for dorsal mesoderm formation. A second possi- nor ectopically expressed Vg1 is suf®cient to induce noto-
chord formation in the absence of cortical rotation. Instead,bility is that cortical rotation activates a single dorsalizing
activity in ectodermal and endodermal cells and that the we show that activation of a Wnt signaling pathway in endo-
dermal cells is suf®cient to induce notochord to form indegree of dorsal development is proportional to the quantity
of active signal. Our observation that Wnt signals can sub- conjugated ectoderm.
While Wnts can substitute for cortical rotation-mediatedstitute for either the endodermal or ectodermal dorsalizing
signal activated by cortical rotation is consistent with this dorsalizing signals in both endodermal and ectodermal
cells, previous studies have established that Wnts are pri-second hypothesis. In vivo, this signal may be present in a
broad region along the dorsal midline but may be concen- marily patterning, rather than inductive, agents (reviewed
by Christian and Moon, 1993). Thus, any action exerted bytrated within prospective mesodermal cells during the late
blastulae stage such that these cells are competent to form Wnts is presumed to be dependent upon the presence of
other inductive signals. The best candidate for such an en-notochord. In contrast, the quantity of dorsalizing activity
present in endoderm or ectoderm alone may be insuf®cient dogenous synergistic inductive signal is Vg1. This state-
ment is based upon previous studies which suggest that Vg1for notochord formation unless endoderm and ectoderm
from nonirradiated embryos is conjugated (providing an ad- is required for speci®cation of both mesodermal (Hemmati-
Brivanlou and Melton, 1992; Schulte-Merker et al., 1994)ditive effect in terms of Wnt signal strength) or unless the
Wnt signal is arti®cally elevated in either tissue by injection and endodermal (Cornell et al., 1995; Henry et al., 1996)
fates in vivo, along with our demonstration that Vg1 isof Wnt RNA.
Although whole UV-irradiated embryos fail to form dor- capable of synergizing with Wnts in notochord induction
assays. Our data, in combination with these previous stud-sal mesoderm, some dorsal inductive or patterning activity
persists in the absence of cortical rotation. This is evident ies, are consistent with the hypothesis that mature Vg1
functions as a general mesoderm and endoderm inducerin that conjugates of endoderm and ectoderm from UV-
ventralized embryos form muscle, while whole UV-ven- across the entire dorsal±ventral axis, while a Wnt signaling
pathway may be activated by cortical rotation in dorsal cellstralized embryos do not. Since muscle formation is com-
pletely blocked when either the Vg1 (Hemmatti-Brivanlou and may synergize with Vg1 to specify dorsal fate within
both mesoderm and endoderm. This hypothesis is consis-and Melton, 1992; Schulte-Merker et al., 1994) or the Wnt/
b-catenin signaling pathway (Heasman et al., 1994) is dis- tent with recent studies showing that the endogenous ma-
ternal dorsal determinant found in the vegetal cortex func-rupted, our results imply that both of these signaling path-
ways are operative at some level in UV-ventralized em- tions as a pattern modi®er, similar to Wnts, and does not
function like Vg1 to directly induce dorsal mesoderm (Holo-bryos. The observation that endodermal expression of the
dorsal-speci®c genes siamois (this paper) and goosecoid wacz and Elinson, 1995).
Although the ability of Wnts to synergize with growth(Cornell et al., 1995) is equivalent in UV-irradiated and
nonirradiated animals further suggests that some dorsal factors in induction and dorsal patterning of the mesoderm
has previously been documented (Christian et al., 1992; So-endodermal pattern may be maintained in the absence of
cortical rotation. These ®ndings are consistent with the kol and Melton, 1992), our results and those of Gamer and
Wright (1995) provide evidence that Wnts may be involvedresults of cytoplasm transfer experiments which revealed
the existence of dorsal axis-forming activity near the vege- in dorsal endodermal patterning as well. In a previous study,
Gamer and Wright (1995) observed that ectopic expressiontal pole of UV-irradiated embryos (Fujisue et al., 1993; Ho-
lowacz and Elinson, 1993) and which suggest that cortical of either of two Nieuwkoop center morphogens, Xwnt-8
or noggin, led to upregulation of the dorsal-speci®c gene,rotation serves to translocate this activity to the marginal
zone. Whether this translocated activity consists of an ac- XlHbox8, in whole endodermal explants. Immunohisto-
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chemical analysis of such explants demonstrated that the naling pathway appears to be required for generation of veg-
etal dorsalizing activity in vivo. Whether Wnts synergizeXlHbox 8 expression domain was expanded in endoderm
isolated from embryos made to misexpress Xwnt-8 or nog- with Vg1 to generate this dorsalizing activity remains to be
tested.gin, consistent with the notion that ventral endodermal
cells had been repatterned as dorsal. However, based on While the above model focuses on the role of Wnt-in-
duced endodermal signals in mesodermal patterning, it istheir observation that noggin alone did not induce XlHbox8
expression in ventral endoderm, along with the fact that possible that endodermal signals are dispensable for dorsal
patterning in vivo. Speci®cally, it may be that interactionsactivin alone induced expression of this gene in endoderm
from UV-irradiated embryos, they proposed that speci®ca- between Vg1 and Wnt signaling pathways within presump-
tive mesodermal cells themselves are suf®cient to initiatetion of dorsal endoderm requires a high local concentration
of activin (or a related TGF-b-like molecule such as Vg1), the full complement of signals required for normal axial
patterning and that signals from endodermal cells are redun-in combination with Nieuwkoop center morphogens. While
our results are consistent with theirs, in showing that Vg1 dant. Consistent with this possibility, goosecoid and Xwnt-
8 can be activated in prospective dorsal and ventral meso-can upregulate expression of a dorsal-speci®c gene (siamois)
in endodermal explants from UV-irradiated embryos, we dermal cells in the absence of cell±cell communication
(Lemaire and Gurdon, 1994). However, the recent identi®-show that Wnt signals, but not Vg1, can downregulate a
ventral-speci®c gene (Xwnt-8) in these same cells and that cation of a Xenopus homeobox-encoding gene which is ex-
pressed primarily in dorsal endodermal cells, and which canWnts, but not Vg1, can respecify endoderm explanted from
the ventral side of normal embryos as dorsal. Thus, our induce a complete secondary axis when misexpressed in
ventral endodermal cells (Lemaire et al., 1995), supports anresults suggest that high local levels of Wnt signaling on
the dorsal side, in combination with Vg1 signals that are active role for a zygotic endodermally derived morphogen in
mesodermal patterning. The identity of this novel signalinguniformly distributed across the dorsoventral axis, may be
required for dorsal endodermal patterning. agent remains to be established.
Although Vg1 alone is not suf®cient for extreme dorsal
Note added in proof. Consistent with the ®ndings of Carnac etmesodermal or endodermal speci®cation or differentiation,
al. (Development 122, 3055±3065, 1996), large ectodermal ex-even when ectopically expressed at high levels, it is capable
plants (i.e., the upper 34 of the animal hemisphere) isolated fromof inducing intermediate types of mesoderm, such as mus-
Xwnt-8b-injected embryos at the late blastulae stage (stage 9)cle, in UV-ventralized (this paper) and in ventral cells (Dale
and cultured to stage 10.5, express high levels of siamois tran-et al., 1993). Vg1 can also induce some markers of dorsal
scripts. In contrast, expression of siamois is not observed inspeci®cation, such as chordin (data not shown) and
smaller explants (the upper 13 of the animal hemisphere) isolatedgoosecoid (this paper), even in the absence of signals acti- from sibling Wnt-injected stage 9 embryos or in explants isolated
vated by cortical rotation. Expression of these genes, how- from stage 8 embryos.
ever, does not correlate with differentiation of extreme dor-
sal mesoderm (i.e., notochord).
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